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The Federal Av ia t ion  Adminis t ra t ion has developed an au tana ted  time-based 
metering form of a i r  t r a f f i c  c o n t r o l  f o r  a r r i v a l s  i n t o  t h e  t e rmina l  area called 
local flow management/prof i l e  descen t  (LFM/PD) . The LFM/PD concept provides  
f u e l  savings by matching t h e  a i r p l a n e  a r r i v a l  flow t o  t h e  airport  acceptance 
r a t e  through time c o n t r o l  canpu ta t ions  and by al lowing t h e  p i l o t  to descend a t  
h i s  d i s c r e t i o n  from cruise a l t i t u d e  t o  t h e  metering f i x  i n  an i d l e - t h r u s t ,  c l e a n  
conf igu ra t ion  ( landing gear up, f l a p s  zero,  and speed brakes r e t r a c t e d ) .  Sub- 
s t a n t i a l  f u e l  savings have r e su l t ed  from LPWPD but a i r  t r a f f i c  c o n t r o l  work- 
load is high s i n c e  t h e  radar c o n t r o l l e r  maintains  time management f o r  each  air-  
plane through e i t h e r  speed c o n t r o l  or p a t h  s t r e t c h i n g  wi th  radar v e c t o r s .  P i l o t  
workload is a l s o  high s i n c e  t h e  p i l o t  m u s t  plan f o r  an i d l e - t h r u s t  descen t  t o  
t h e  meter ing f i x  using v a r i o u s  ru l e s  of thumb. 
The N a t i o n a l  Aeronautics and Space Adminis t ra t ion (NASA) has f l i g h t -  
tested a f l i g h t  management descent  alogri  thm designed t o  improve t h e  accuracy 
of d e l i v e r i n g  an a i r p l a n e  to  a meter ing f i x  a t  a time designated by a i r  t r a f f i c  
c o n t r o l  i n  its Terminal Configured Veh ic l e  (TCV) Boeing 737 r e sea rch  a i r p l a n e .  
Th i s  a logri thm provides a three-dimensional path with t e rmina l  t i m e  c o n s t r a i n t s  
(four-dimensional)  f o r  an a i r p l a n e  to  make an i d l e - t h r u s t ,  clean-conf igu red  
descent  to  a r r i v e  a t  t h e  meter ing f i x  a t  a predetermined time, a l t i t u d e ,  and 
airspeed. The  descent  pa th  i s  ca lcu la ted  for  a cons t an t  Mach/airspeed schedu le  
by using l i n e a r  approximations of a i r p l a n e  performance account ing for g ross  
weight,  wind, and nonstandard p r e s s u r e  and temperature e f f e c t s .  
F l i g h t  test data were ob ta ined  on 1 9  f l i g h t  test  runs  to  t h e  meter ing 
f i x .  The s t a n d a r d  d e v i a t i o n  of metering f i x  a r r i v a l  t i m e  error w a s  1 2  seconds 
with no a r r i v a l  t i m e  error g r e a t e r  than 2 9  seconds. Canparable s t a t i s t i c s  f o r  
t i m e  error accumulated between t h e  t o p  of descent and t h e  meter ing f i x  (approxi- 
mately 4 0  n. m i . )  are a 6.9-second s t anda rd  d e v i a t i o n  with no error g r e a t e r  t h a n  
15 seconds. The calibrated airspeed and a l t i tude  errors a t  t h e  meter ing f i x  
have s t anda rd  d e v i a t i o n s  of 6 . 5  knots and 2 3 . 7  m ( 7 7 . 8  f t ) ,  r e s p e c t i v e l y ,  and 
t h e  maximum e r r o r s  were less than 1 2 . 9  knots and 5 1 . 5  m (169 f t ) .  
INIXODU CT I 
R i s ing  f u e l  costs combined w i t h  o t h e r  economic p r e s s u r e s  have resul ted i n  
i n d u s t r y  requirements  f o r  more e f f i c i e n t  a i r  t r a f f i c  c o n t r o l  and a i r c r a f t  opera- 
t i o n s .  The  Federal Aviat ion Adminis t ra t ion (FAA) has developed an automated 
form of a i r  t r a f f i c  c o n t r o l  ( A X )  f o r  a r r i v a l s  i n t o  t h e  airport t e r m i n a l  area. 
T h i s  concept is called local flaw management/profile descent  (LFWPD) and pro- 
v i d e s  f o r  i nc reased  airport  c a p a c i t y  and f u e l  s av ings  by c m b i n i n g  t i m e b a s e d  
meter ing w i t h  p rof i le  descent  procedures.  Time-based meter ing procedures pro- 
v ide  f o r  sequencing a r r i v a l s  t o  t h e  airport  through t i m e  c o n t r o l  of a i r p l a n e s  
a t  meter ing f i x e s  located 30 to  40 n. m i .  from t h e  airport. Time meter ing t h e  
a i r p l a n e s  a t  tnese f i x e s  reduces t h e  i o w  a i t i t u d e  vec to r ing  (and associated 
f u e l  consumption) r equ i r ed  to p o s i t i o n  t h e  a i r p l a n e s  i n t o  a f i n a l  queue  for 
l and ing .  
a t  higher a l t i t u d e s  f u r t h e r  minimizing f u e l  usage ( r e f s .  1 and 2 ) .  
I n  a d d i t i o n ,  d e l a y s  due to t e rmina l  area sequencing may be absorbed 
P r o f i l e  descent  procedures permit t h e  i n i t i a t i o n  of t h e  a i r p l a n e  d e s c e n t  
a t  t h e  p i l o t ' s  d i s c r e t i o n  so t h a t  t h e  a i r p l a n e  passes the  meter ing f i x  a t  a 
s p e c i f i e d  a l t i t u d e  and a i r s p e e d .  Th i s  procedure allows t h e  p i lo t  to p l a n  t h e  
descent  i n  a fue l - conse rva t ive  manner account ing f o r  t h e  performance cha rac t e r -  
istics of h i s  p a r t i c u l a r '  a i r p l a n e .  
I n  t h e  o r i g i n a l  . o p e r a t i o n a l  concept of the time-based meter ing LFM/PD pro- 
gram, t h e  f l i g h t  crew was r e s p o n s i b l e  f o r  both t h e  descen t  and time n a v i g a t i o n  
t o  the  metering f i x .  However, the p i l o t s  had l i t t l e  or no computed guidance 
to  a i d  them with t h i s  h igh ly  cons t r a ined  ( fue l - conse rva t ive  descen t  with a f i x e d  
t i m e  o b j e c t i v e ) ,  four-dimensional (4-D) nav iga t ion  problem. F l i g h t  crews were 
f o r c e d  t o  r e l y  on p a s t  experience and v a r i o u s  r u l e s  of thumb to plan descen t s .  
T h i s  practice resulted i n  unacceptably high cockpit workloads and t h e  f u l l  
p o t e n t i a l  of f u e l  s a v i n g s  frun a planned descent  not  being ob ta ined  ( r e f .  3). 
I n  an e f f o r t  t o  reduce t h e  c o c k p i t  workload, the r e s p o n s i b i l i t y  of de l iv -  
e r i n g  the  a i r p l a n e  t o  t h e  meter ing f i x  a t  an ass igned  t i m e  w a s  t r a n s f e r r e d  t o  
t h e  ATC c o n t r o l l e r .  The  ATC c o n t r o l l e r  directs the p i l o t s  with p a t h  s t r e t c h i n g  
radar  vec to r s  and/or speed c o n t r o l  ccmmnands as required so t h a t  each a i r p l a n e  
crosses t h e  meter ing f i x  a t  i ts  assigned time. These o p e r a t i o n s  have resulted 
i n  a i r p l a n e  a r r i v a l  t i m e  accuracy a t  t h e  me te r ing  f i x  of between 1 and 2 minutes 
( r e f .  4 ) .  Improved a r r i v a l  t i m e  accuracy and r e s u l t i n g  inc reased  f u e l  savings 
could be ob ta ined  a t  t h e  cost of a s i g n i f i c a n t  i n c r e a s e  i n  t h e  ATC c o n t r o l l e r ' s  
wor k l  oad . 
S p l i t t i n g  t h e  nav iga t ion  r e s p o n s i b i l i t i e s  between t h e  f l i g h t  crew and 
ATC c o n t r o l l e r  reduced t h e  p i l o t ' s  workload. However, when t h e  ATC c o n t r o l l e r  
m u s t  apply p a t h  s t r e t c h i n g  or speed c o n t r o l  f o r  t i m e  management purposes,  t h e  
p i lo t  i s  forced t o  d e v i a t e  frcm h i s  planned descen t  p r o f i l e ;  thus,  more than  
t h e  minimum f u e l  r e q u i r e d  is used. 
The  NASA has f l i g h t - t e s t e d  i n  i ts  Terminal Configured Veh ic l e  (TCV) 
Boeing 737 r e sea rch  a i r p l a n e  a f l i g h t  management descent  a logri thm designed to 
i n c r e a s e  f u e l  savings by reducing t h e  t i m e  d i s p e r s i o n  of a i r p l a n e s  c r o s s i n g  t h e  
meter ing f i x  a t  an  ATC-designated t i m e  by t r a n s f e r r i n g  t h e  r e s p o n s i b i l i t y  of 
t i m e  nav iga t ion  from the radar  c o n t r o l l e r  t o  t h e  f l i g h t  crew. The alogri thm 
canputes a p r o f i l e  descen t  f r a n  cruise a l t i t u d e  t o  t h e  meter ing f i x  based on 
a i r p l a n e  performance a t  i d l e  t h r u s t  and i n  a c l ean  c o n f i g u r a t i o n  ( l and ing  gear  
up, f l a p s  zero,  and speed brakes r e t r a c t e d ) .  Time and path guidance are pro- 
vided t o  the p i l o t  f o r  a cons t an t  Mach descen t  fol lowed by a c o n s t a n t  a i r s p e e d  
descen t  t o  a r r i v e  a t  t h e  me t s r ing  f i x  a t  a predetermined (ATC s p e c i f i e d )  t i m e ,  
a1 ti tude, and a i r speed .  
F l i g h t  tes ts  using t h e  f l i g h t  management descen t  a lgori thm were conducted 
i n  t h e  Denver, Colorado, LFWPD ATC environment, The purpose of t h e s e  f l i g h t  
tests was to  q u a n t i f y  t h e  accuracy of t h e  descen t  a lgori thm and t o  i n v e s t i g a t e  
the  c o m p a t i b i l i t y  and p i lo t  a c c e p t a b i l i t y  of an a i r p l a n e  equipped w i t h  a 
2 
4-D area nav iga t ion  system i n  &i act*iizl ATC environment. T h i s  r s p r t  d e s c r i b e s  
t h e  f l i g h t  management descent  a lgori thm and p r e s e n t s  t h e  resul ts  of t h e s e  tests. 
U s e  of 
an o f f i c i a l  













Dw, g rd  
(Dw) h 
pH 
oompany names or des igna t ions  i n  t h i s  report does not  c o n s t i t u t e  
endorsement of such canpanies or products ,  e i t h e r  expressed or 
t h e  Na t iona l  Aeronaut ics  and Space A t m i n i s t r a t i o n .  
SYMBOLS AND ABBREVIATIONS 
actual computed l and ing  t i m e  
a i r  route t r a f f i c  c o n t r o l  center  
a i r  t r a f f i c  c o n t r o l  
temperature  lapse rate,  K/m 
barometr ic  altimeter s e t t i n g ,  m b  
c a l i b r a t e d  a i r speed ,  knots 
c a l i b r a t e d  airspeed used during descen t ,  knots 
canputed i n i t i a l  descent  c a l i b r a t r e d  airspeed, knots 
maximum o p e r a t i o n a l  descent  c a l i b r a t e d  airspeed, knots 
minimum o p e r a t i o n a l  descent  c a l i b r a t e d  airspeed, knots 
cathode-ray t u b e  
magnetic wind d i r e c t i o n  measured a t  cruise a l t i t u d e ,  deg 
magnetic wind d i r e c t i o n  a t  a i r p o r t ,  deg 
magnetic wind d i r e c t i o n  evaluated a t  a l t i t u d e  h, deg 
wind d i r e c t i o n  g r a d i e n t  with r e s p e c t  to a l t i t u d e  f o r  high 
a1 ti tude segment, deg/m 
wind d i r e c t i o n  g r a d i e n t  w i th  r e spec t  t o  a l t i t u d e  f o r  low 
a1 t i t u d e  segment, deg/m 
change i n  a l t i t u d e  ra te  wi th  r e spec t  t o  change i n  a l t i t u d e  
eva lua ted  a t  Mach number Md, SeC” 
3 
4 
wind speed gradient w i t h  respect t o  a l t i tude  for high a l t i t ude  
segment, knots/m 
wind speed gradient w i t h  respect t o  a l t i tude for l o w  a l t i tude  
segment, knots/m 
electronic a t t i  tude director indicator 
electronic horizontal s i tuat ion indicator 
estimated time of a r r iva l  
f l i gh t  level  
gross weight, N 
al t i tude,  m 
a l t i tude a t  aim point, m 
a l t i tude  a t  cruise, m 
geopotential a l t i tude,  m 
a i rport  elevation, m 
indicated a l t i tude ,  m 
a l t i tude a t  metering f i x ,  m 
pressure al t i tude,  m 
pressure al t i tude evaluated w i t h  nonstandard sea-level 
temperature, m 
a l t i tude  t o  t ransi t ion fran constant Mach descent t o  
constant airspeed descent,  m 
a l t i tude  rate,  d s e c  
a l t i tude  ra te  evaluated a t  calibrated airspeed Wsec 
a l t i tude  ra te  evaluated a t  a l t i tude  h, d s e c  
a l t i tude  ra te  evaluated a t  Mach number Md, Wsec 
gross weight multiplication factor for a l t i tude  r a t e  for 
cons  tan t cal i br a t  ed a i  r s  peed des cent 
Kdk/dh 
K1 
K 2  
LFM/PD 
ZAP 
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gross weight m u l t i p l i c a t i o n  f ac to r  fo r  change of a l t i t u d e  rate 
wi th  respect to change of a l t i t u d e  f o r  cons t an t  Mach descent  
= corrected f o r  g ross  weight e f f e c t s ,  (m/sec)/m 
equat ion  cons t a n  t I m/sec 
l o c a l  f low management/profile descent  
d i s t a n c e  between meter ing f i x  and a i m  p o i n t ,  n .  m i .  
d i s t a n c e  between e n t r y  f i x  and meter ing f i x ,  n.  m i .  
Mach number 
Mach number a t  cruise 
Mach number i n  descent  
computed i n i t i a l  descent  Mach number 
maximum o p e r a t i o n a l  descent  Mach humber 
minimum o p e r a t i o n a l  descent  Mach number 
naviga t ion  c o n t r o l  and d i s p l a y  u n i t  
naviga t ion  computer u n i t  
s tandard  atmospheric p re s su re  a t  sea l e v e l ,  N/m2 
s t a t i c  p res su re ,  N/m2 
g a s  cons t an t ,  m/K 
area naviga t ion  
wind speed measured a t  cruise  a l t i t u d e ,  knots  
wind speed a t  a i rport ,  knots  
wind speed eva lua ted  a t  a l t i t u d e  h, knots  
t rue a i r  speed I knots  
Terminal Configured Vehicle  
a i r p l a n e  magnetic track a n g l e  along groundr deg 
s tandard  sea- leve l  temperature ,  K 
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b l  j 
A M  
A t j  
A tmax 
A t m i  n 
Atr eq 
nonstandard sea - l eve l  temperature  , K 
s t a t i c  temperature,  K 
time , sec 
t i m e  error f o r  descen t  speed convergence c r i t e r i a ,  sec 
time assigned t o  cross e n t r y  f i x ,  hr :min: sec 
time assigned to cross meter ing f i x ,  hr:min:sec 
very high frequency omnid i r ec t iona l  range and d i s t a n c e  
m e  as u r  i ng e q u i  pne n t 
head-wind component along a i r p l a n e  ground t rack eva lua ted  
a t  a l t i t u d e  h, knots 
a c c e l e r a t i o n  , knots/ sec 
a c c e l e r a t i o n  a t  cruise a l t i t u d e  ( id l e  t h r u s t ,  c l e a n  config- 
u r  a t  i o n )  , knots/sec 
c a l i b r a t e d  a i r speed  increment or decrement, knots  
a l t i t u d e  bias c o r r e c t i o n  f o r  nonstandard atmospheric 
p re s su re ,  m 
a l t i t u d e  error due t o  nonstandard temperature e f f e c t s ,  m 
l e n g t h  of path segment j ,  n. m i .  
Mach number increment or decrement 
time requ i r ed  to f l y  on pa th  segment j ,  sec 
maximum t i m e  to  f l y  between e n t r y  f i x  and meter ing f i x  
(flown a t  minimum operat ional .  speeds) ,  sec 
minimum t i m e  t o  f l y  between e n t r y  f i x  and meter ing f i x  
(flown a t  maximum o p e r a t i o n a l  speeds)  , sec 
t i m e  r equ i r ed  to  f l y  between e n t r y  f i x  and meter ing f i x ,  sec 
ARTCC AUTOMATED LOCAL FLOW MANAGEMENT/PROFILE DESCENT DESCRIPTION 
The ATC concept of automated local flow management/profile descen t s  u t i l i z -  
i ng  time-based meter ing is designed t o  permit  operators of high-performance, 
turbine-powered a i r p l a n e s  to descend i n  a c l e a n  c o n f i g u r a t i o n  a t  i d l e  t h r u s t  
to  a point within t h e  airport  t e rmina l  area. 
achieved on a f leet-wide ( a l l  users) basis  by matching t h e  a i r p l a n e  a r r i v a l  
S i g n i f i c a n t  f u e l  s av ings  are 
6 
rate i n t o  t h e  t e r m i n a l  area to  t h e  a i r p o r t ' s  a r r i v a l  acceptance rate which 
reduces t h e  need f o r  holding and low a l t i t u d e  v e c t o r i n g  f o r  sequencing. F u e l  
s av ings  are also achieved on an i n d i v i d u a l  a i r p l a n e  b a s i s  by p e r m i t t i n g  t h e  
p i l o t  to descend i n  a f u e l  e f f i c i e n t  manner a t  h i s  d i s c r e t i o n .  I n  a d d i t i o n  to 
a r r i v a l  f u e l  s av ings ,  s a f e t y ,  n o i s e  abatement, and s t a n d a r d i z a t i o n  of a r r i v a l  
procedures  are a l l  enhanced ( r e f .  5 ) .  
The Denver AFtTCC's automated ve r s ion  of LFM/PD employs four meter ing 
f i x e s  located around t h e  S t a p l e t o n  I n t e r n a t i o n a l  A i r p o r t .  Each a r r i v i n g  high- 
performance a i r p l a n e  is time-based metered to  one o f  t h e s e  four  meter ing f i x e s ,  
Metering is accomplished by using t h e  ARTCC computer w i th  c o n s i d e r a t i o n  given 
to  t h e  fol lowing parameters: 
( 1 )  Airport acceptance ra te  (number of a r r i v a l s  per  u n i t  time) s p e c i f i e d  
by t h e  S t a p l e t o n  I n t e r n a t i o n a l  A i r p o r t  tower personnel 
( 2 )  Nominal pa th  and airspeed p r o f i l e s  a s s o c i a t e d  wi th  each of t h e  four  
metering f i x e s  to t h e  runway 
( 3 )  T r u e  a i r s p e e d  f i l e d  on t h e  a i r p l a n e ' s  f l i g h t  p l a n  
( 4 )  Airplane p o s i t i o n  detected by ATC radar 
(5) Forecas t  winds-aloft  d a t a  from s e v e r a l  s t a t i o n s  i n  t h e  Denver 
ARTCC area and/or measured winds from p i l o t  r e p o r t s  
These parameters are processed by t h e  ARTCC computer to determine an esti-  
mated t i m e  of a r r i v a l  t h a t  each metered a i r p l a n e  would land on t h e  runway, 
assuming no c o n f l i c t s .  The ETA'S f o r  a l l  metered a i r p l a n e s  are ch rono log ica l ly  
ordered and compared to determine whether any of t h e  a i r p l a n e s  are i n  c o n f l i c t .  
Landing times are reassigned by t h e  computer to r e s o l v e  any t i m e  c o n f l i c t s .  The 
ad jus ted  landing t i m e  is r e f e r r e d  to a s  t h e  a c t u a l  computed landing t i m e .  I f  
t h e  ACLT and t h e  ETA are d i f f e r e n t ,  t h e  d i f f e r e n c e  i n d i c a t e s  t h e  de l ay  t h a t  an 
a i r p l a n e  m u s t  accommodate p r i o r  to reaching the  metering f i x  through holding,  
speed c o n t r o l ,  or p a t h  s t r e t c h i n g .  The ACLT is always g r e a t e r  than or equal 
to  t h e  ETA. The metering f i x  a r r i v a l  t i m e  assigned to each a i r p l a n e  is com- 
puted by s u b t r a c t i n g  a nominal t r a n s i t i o n  time (from t h e  metering f i x  to  t h e  
runway) from t h e  ACLT. 
LOCAL FLOW MANAGEMENT/PROFILE DESCENT ALGORITHM DESCRIPTION 
The a i r b o r n e  f l i g h t  management descen t  a lgori thm computes t h e  parameters  
r equ i r ed  to  d e s c r i b e  a five-segment cruise and descen t  p r o f i l e  ( f i g .  1 )  between 
an a r b i t r a r i l y  located e n t r y  f i x  to an ATC def ined meter ing f i x .  A s i x t h  seg- 
ment from t h e  meter ing f i x  to t h e  next  f i x  ( s p e c i f i e d  by A X  and called t h e  aim 
p o i n t )  is also gene ra t ed .  These parameters  are then used by t h e  nav iga t ion  and 
d i s p l a y  systems to p r e s e n t  guidance to  the  p i l o t  and/or a u t o p i l o t .  The descen t  
p r o f i l e  is based on l i n e a r  approximations of a i r p l a n e  performance f o r  an id le -  
t h r u s t ,  clean-configured descent .  Airplane g r o s s  weight, wind, and nonstandard 
temperature and p r e s s u r e  e f f e c t s  are a l s o  considered i n  t h e s e  c a l c u l a t i o n s .  
7 
Figure 1 shows t h e  v e r t i c a l  p l ane  geometry of t h e  p a t h  between t h e  e n t r y  
f i x  and the aim p o i n t .  Each p a t h  segment from t h e  e n t r y  f i x  to  t h e  meter ing  
f i x  is numbered according to t h e  o rde r  i n  which it is c a l c u l a t e d  by t h e  algo-  
r i thm.  To be  compatible  wi th  s t anda rd  a i r l i n e  o p e r a t i n g  practices, t h e  p a t h  
is c a l c u l a t e d  based upon t h e  descen t  be ing  flown a t  a c o n s t a n t  Mach number wi th  
t r a n s i t i o n  to a c o n s t a n t  c a l i b r a t e d  a i r s p e e d  and speed changes be ing  flown a t  
c o n s t a n t  a l t i t u d e .  The p a t h  is flown s t a r t i n g  a t  t h e  e n t r y  f i x  proceeding 
to t h e  metering f i x  and aim p o i n t .  
Segment 5 begins  a t  t h e  e n t r y  f i x  and is flown a t  a c o n s t a n t  c r u i s e  a l t i -  
tude and a c o n s t a n t  c r u i s e  Mach number. Segment 4 is a r e l a t i v e l y  s h o r t  p a t h  
segment in  which t h e  speed o f  t h e  a i r p l a n e  may be  changed from t h e  cruise Mach 
number M, to t h e  descent  Mach number Ma. Segment 4 is e l imina ted  i f  t h e  
descen t  and t h e  c r u i s e  Mach numbers are t h e  same. The descen t  to t h e  meter ing  
f i x  a l t i t u d e  is accomplished along t h e  nex t  t w o  pa th  segments (segments 3 
and 2 ) .  Segment 3 is flown a t  a c o n s t a n t  Mach number. A s  a l t i t u d e  is decreased 
along t h i s  pa th  segment, t h e  c a l i b r a t e d  a i r s p e e d  i n c r e a s e s .  The d e s i r e d  descen t  
c a l i b r a t e d  airspeed is obta ined  a t  t h e  beginning of  segment 2 .  The d e s c e n t  is 
cont inued along t h i s  pa th  segment a t  a c o n s t a n t  c a l i b r a t e d  a i r s p e e d .  When t h e  
meter ing f i x  a l t i t u d e  has  been obta ined ,  t h e  a i r p l a n e  is flown a t  a c o n s t a n t  
a l t i t u d e  along segment 1 and slowed from t h e  descen t  a i r s p e e d  to t h e  desig-  
nated metering f i x  c a l i b r a t e d  a i r s p e e d .  This  pa th  segment is e l imina ted  i f  t h e  
descent  and meter ing f i x  a i r s p e e d s  a r e  t h e  same. Af te r  pass ing  t h e  meter ing  
f i x ,  t h e  a i r p l a n e  w i l l  be flown d i r e c t l y  to t h e  aim p o i n t .  
The f l i g h t  management descent  a lgor i thm may be used i n  e i t h e r  of t w o  modes. 
I n  t h e  f i r s t  mode, t h e  p i lo t  may inpu t  t h e  Mach/airspeed descen t  schedule  to  
be flown, and t h e  descen t  p r o f i l e  is c a l c u l a t e d  independent of  an a s s igned  
meter ing f i x  t i m e .  I f  a meter ing f i x  time is subsequent ly  ass igned ,  some t i m e  
error ,  which must be nu l l ed  by t h e  p i lo t ,  may r e s u l t  s i n c e  an a r b i t r a r y  speci- 
f i c a t i o n  of t h e  descen t  speed schedule  may n o t  s a t i s f y  both t h e  i n i t i a l  and 
f i n a l  time boundary c o n d i t i o n s .  
The second mode was designed f o r  time-metered o p e r a t i o n s .  I n  t h i s  mode, 
p i lo t  inputs  i nc lude  t h e  e s t ima ted  t i m e  of  a r r i v a l  to t h e  e n t r y  f i x  and t h e  
ATC s p e c i f i e d  meter ing f i x  a r r i v a l  t i m e .  The descen t  p r o f i l e  is then  calcu-  
l a t e d  based on a Mach/CAS descent  schedule ,  computed through an i t e r a t i v e  
process, t h a t  w i l l  c l o s e l y  s a t i s f y  t h e  c r o s s i n g  times f o r  bo th  o f  t h e s e  way 
p o i n t s ,  
Local Flow Management/Profile Descent Algorithm Logic Flow 
Figure 2 shows t h e  LFM/PD a lgo r i thm l o g i c  flow a s s o c i a t e d  wi th  both  t h e  
time-metered and non-metered modes. Computation of  e i t h e r  is i n i t i a t e d  by t h e  
p i l o t  af ter  he has  made h i s  r equ i r ed  i n p u t s .  I n  t h e  non-metered mode, where 
t h e  Mach/CAS descen t  schedule  has  been s p e c i f i e d  by t h e  p i lo t ,  way p o i n t  
ass igned  a l t i t u d e s  and speeds and t h e  pa th  segment times and d i s t a n c e s  
A 2 j  a r e  computed once and t h e  r e s u l t i n g  p a t h  is d i sp layed  to t h e  p i l o t .  
A t j  
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I n  t h e  time-motered mode, an appropr i a t e  i d l e - t h r u s t  Mach/CAS d e s c e n t  
schedule  is computed by t h e  algori thm t h a t  w i l l  s a t i s f y  t h e  required e n t r y  f i x  
to  meter ing f i x  t r a n s i t i o n  time A t r e q ,  where 
A check with t h e  fol lowing t r a n s i t i o n  t i m e  i n e q u a l i t y  is made to determine t h a t  
A t  r e q l ies  between t h e  minimum and maximum t r a n s i t i o n  t i m e ,  A t m i n  and Atma,, 
to ensure t h a t  t h e  descen t  speed schedule  l i es  wi th in  t h e  o p e r a t i o n a l  f l i g h t  
envelope of t h e  a i r p l a n e :  
Minimum and maximum t r a n s i t i o n  times were c a l c u l a t e d  by computing t h e  descen t  
p r o f i l e  using maximum and minimum Mach/CAS (0.78/350 knots  and 0.62/250 knots ,  
r e s p e c t i v e l y )  o p e r a t i o n a l  descent  speeds as follows: 
= Atj (Md,minrCASd,min) 
j=1 
I f  A t r e  
generate] and d i sp layed  to t h e  p i l o t  w i th  t h e  l i m i t  o p e r a t i o n a l  descent  speed 
schedule  corresponding to t h e  p a r t i c u l a r  time c o n s t r a i n t  t h a t  w a s  exceeded. 
The r e s u l t i n g  t i m e  error is d i sp layed  with an a p p r o p r i a t e  " e a r l y  or la te  by" 
message. 
does n o t  s a t i s f y  t h e  t r a n s i t i o n  t i m e  i n e q u a l i t y ,  a p r o f i l e  is 
If t h e  t r a n s i t i o n  t i m e  i n e q u a l i t y  is s a t i s f i e d ,  an i n i t i a l  Mach/CAS 
descen t  schedule  is selected. The i n i t i a l  descen t  airspeed CASd, i s e l e c t e d  
is p r o p o r t i o n a l  to A t r e q  
a t  t h e  minimum and maximum o p e r a t i o n a l  
and to t h e  to ta l  t i m e  c o n t r o l  a v a i l a b l e  when t h e  
descen t  is flown 
as fol lows:  
a S d ,  i 
d e s c e n t  speed 
CASd, max 
l i m i t s  
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The same t i m e  required/ t ime a v a i l a b l e  p ropor t ion  is used i n  s e l e c t i n g  t h e  
i n i t i a l  descent Mach number. However, expe r i ence  showed t h a t  convergence to 
t h e  f i n a l  descen t  speed schedule  is q u i c k e r  when a Mach number s l i g h t l y  l a r g e r  
than one obtained d i r e c t l y  with t h e  t i m e  p ropor t ion  is used. The i n i t i a l  
descen t  Mach number is obtained as fol lows:  
where 
Once t h e  va lues  f o r  t h e  i n i t i a l  Mach/CAS d e s c e n t  speed schedule  are 
selected, an i t e r a t i v e  p rocess  to a r r i v e  a t  t h e  f i n a l  descen t  speed schedule  
is begun. Af t e r  completing t h e  f i r s t  i t e r a t i o n  of t h e  p r o f i l e  d e s c e n t  algo- 
r i thm computations, a convergence test  is made to determine whether a s a t i s f a c -  
t o r y  Mach/CAS descen t  speed schedule  was used. 
t h a t  t h e  p r e d i c t e d  t i m e  to f l y  t h e  p r o f i l e  descen t  using t h e  selected Mach/CAS 
descen t  speed schedule  is wi th in  5 seconds of t h e  r equ i r ed  time Atreq to f l y  
t h e  descent as follows: 
The test  c o n s i s t s  of checking 
2 5  sec 
If the convergence tes t  is no t  s a t i s f i e d ,  a d d i t i o n a l  i t e r a t i o n s  are  
r equ i r ed  with a p p r o p r i a t e  changes to t h e  Mach/CAS descen t  speed schedule .  






The d e s c e n t  Mach number was n o t  changed u n l e s s  t h e  d e s c e n t  CAS had reached 
its maximum or minimum boundary. Then t h e  descent Mach number was changed i n  
0.01 increments.  
Empirical Represen ta t ion  of t h e  TCV Airp lane  Aerodynamic and 
Performance C h a r a c t e r i s t i c s  
Computer memory l i m i t a t i o n s  precluded the u s e  of detailed aerodynamic and 
performance tables to r e p r e s e n t  t h e  TCV a i r p l a n e  for p r o f i l e  descen t  calcu-  
l a t i o n s .  
a nominal g r o s s  weight of 378 080 N (85 000 l b )  and s t anda rd  atmospheric con- 
d i t i o n s .  Gradient  techniques were used to modify p r e d i c t e d  performance for 
d e v i a t i o n s  from t h e  nominal c o n d i t i o n s  of t h e  empirical model. 
I n s t e a d ,  an empirical m o d e l  of a i r p l a n e  performance was developed for 
The form of the  equa t ions  t h a t  were needed to  develop t h e  empirical model 
were determined from simulator  data of a Boeing 737 a i r p l a n e  execut ing idle- 
t h r u s t ,  clean-configured, c o n s t a n t  Mach/CAS descen t s .  A c t u a l  f l i g h t  test data 
were then used to determine t h e  s p e c i f i c  numerical constants /parameters  t h a t  
were u s e d  i n  t h e  empirical model of t h e  TCV a i r p l a n e .  
F igu re  3 shows a l t i t u d e  rate h as a func t ion  of a l t i t u d e  h de r ived  
from a s imula t ion  program of a Boeing 737-100 a i r p l a n e  making 0.73/320 knot and 
0.68/250 k n o t  i d l e - t h r u s t ,  clean-configured descen t s .  These traces i l lustrate  
tha t ,  during the  c o n s t a n t  Mach p o r t i o n  of t h e  descen t ,  a l t i t u d e  rate decreases 
I .\ 
dh 
almost l i n e a r l y  with dec reas ing  a l t i t u d e .  However, t h e  s l o p e  
upon t h e  magnitude of t h e  descen t  Mach number. 
s en ted  by an equa t ion  of the  fol lowing form: 
Hence, a l t i t u d e  rate-was repre-  
where b is t h e  magnitude 
h + b m/sec 
of h a t  sea l e v e l .  I t  was observed t h a t  each of 
t h e  l i n e a r i z e d  c o n s t a n t  Mach l i n e s  passed through a common p o i n t  a t  an  a l t i t u d e  
1524 m (5000 ft)  above t h e  c r u i s e  a l t i t ude  and a t  h = -9.1 m/sec (-30 ft/sec). 
The fact t h a t  t h e  a l t i t u d e  traces f o r  d i f f e r e n t  d e s c e n t  Mach numbers appeared 
to i n t e r s e c t  about  1524 m above t h e  i n i t i a l  cruise a l t i t u d e  was used to gener- 
a l i z e  t h e  a l t i t u d e  rate as a func t ion  of descent  Mach number to a r b i t r a r y  
c r u i s e  a l t i t u d e s  below t h e  troposphere (approximately 11 000 m ) .  With t h i s  h 
r e l a t i o n s h i p ,  b 
s t a n t  Mach number 
may be de r ived  and t h e  equation for a l t i t u d e  ra te  for con- 
descen t  becomes 
(!) x .-(e) dL x (hc + 1524) - 9.1 m/sec 
' Ma \dhl Q 
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Figure 4 shows f l i g h t  d a t a  of t h e  v a r i a t i o n  of f o r  t h e  TCV air-  
p l ane  during an i d l e - t h r u s t  descen t .  A quadratic r e g r e s s i o n  a n a l y s i s  was used 
to o b t a i n  t h e  c o e f f i c i e n t s  for  t h e  fol lowing equa t ion  for t h e  v a r i a t i o n  of 
(:)k 
where 
as a func t ion  of Mach number : 
A0 = 0.076615 
A1 = -0,24125 
A2 = 0.193667 
A similar d e r i v a t i o n  was used to o b t a i n  a f u n c t i o n  for a l t i t u d e  ra te  f o r .  
t h e  cons t an t  c a l i b r a t e d  a i r s p e e d  p o r t i o n  of t h e  descen t .  I t  was found t h a t  h 
was approximately c o n s t a n t  a t  a l l  a l t i t u d e s  f o r  a given c a l i b r a t e d  a i r s p e e d  b u t  
decreased f o r  an i nc reased  a i r s p e e d .  
Figure 5 shows t h e  i d l e - t h r u s t  d e s c e n t  f l i g h t  performance data of t h e  TCV 
a i r p l a n e  for t he  v a r i a t i o n  of a l t i t u d e  rate as a f u n c t i o n  of c a l i b r a t e d  airspeed. 
The following expres s ion  was d e r i v e d  through a l i n e a r  r e g r e s s i o n  a n a l y s i s  to 
r e p r e s e n t  t h e  v a r i a t i o n  of t h e  ra te  of descen t  as a f u n c t i o n  of calibrated 
a i r  speed : 
Figure 6 shows s imulator  d a t a  of a Boeing 737 a i r p l a n e  rate of descen t  as 
a funct ion of a l t i t u d e  for  a Mach/CAS i d l e - t h r u s t  descen t  of 0.73/320 kno t s  
f o r  t h r e e  d i f f e r e n t  g r o s s  weights.  The e f f e c t s  of g r o s s  weight v a r i a t i o n s  on 
t h e  a i r p l a n e  descen t  performance were accounted f o r  by d e r i v i n g  a m u l t i p l i c a -  
t i o n  f a c t o r  t o  be applied to a l t i t u d e  rate 
and applied to  t h e  a l t i t u d e  rate v a r i a t i o n  with a l t i t u d e  if), during t h e  
c o n s t a n t  Mach region. A l i n e a r  v a r i a t i o n  of descen t  performance as a f u n c t i o n  
of g r o s s  weight normalized about  a g r o s s  weight of 378 080 N r e s u l t e d  i n  t h e  
fol lowing equations: 




Kh = -0.31 8697 + 1.318697 
Gw 
Kdh/dh = -0.9207 t 1.9207 
378 080 
(Constant  CAS) 
(Cons t a n  t Mach ) 
Acce le ra t ion  performance data were required for speed changes a t  c r u i s e  
a l t i t u d e s  (FL300 to  FL350) and a t  t h e  metering f i x  a l t i t u d e s  (5200 m to  6700 m ) .  
Figure 7 i l l u s t r a t e s  t h e  l e v e l - f l i g h t ,  c lean-configured,  i d l e - t h r u s t  dece ler -  
a t i o n  c a p a b i l i t y  as a func t ion  of t r u e  a i r speed  of  t h e  TCV a i r p l a n e  based on 
f l i g h t  test  data a t  t y p i c a l  meter ing f i x  a l t i t u d e s .  The fo l lowing  expres s ion  
was de r ived  through a l i n e a r  r eg res s ion  a n a l y s i s  so t h a t  an average acceler- 
a t i o n ,  i n  terms of  knots/sec,  cou ld  be calculated given t h e  average  t r u e  air-  
speed a long  a pa th  segment: 
x = -3.523 x TAS - 0.10119 knots/sec (210 5 TAS 5 450 knots)  
F l i g h t  test d a t a  also showed t h a t  t h e  l e v e l - f l i g h t ,  c lean-configured,  
i d l e - t h r u s t  speed changes a t  cruise a l t i t u d e s  of approximately FL330 
to  FL350 r e s u l t e d  i n  a computed c o n s t a n t  a c c e l e r a t i o n  of approximately 
xc = -1.15 knots /sec.  
True A i r  speed Approximation 
I t  is necessary  to determine t r u e  a i r speed  from e i t h e r  Mach number or 
c a l i b r a t e d  airspeed so t h a t  a head-wind component can  be added to o b t a i n  
ground speed f o r  t i m e  c a l c u l a t i o n s .  For Mach number conversion,  t r u e  a i r -  
speed was approximated as a func t ion  of a l t i t ude  h as 
TAS = M(661 - 7.9723 x h) knots 
or as a func t ion  of  s ta t ic  a i r  temperature T s t  as 
TAS = 21 . 6 4 M K t  knots  
(h <= 11 000 m) 
For calibrated a i r s p e e d  convers ion ,  t rue a i r s p e e d ,  cons ide r ing  compressi- 
b i l i t y  and d e n s i t y  e f f e c t s ,  was approximated a s  
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CAS 
1 - 0,3937 x h 
TAS = kno t s  h S 11 000 m (210 5 CAS 5 350 knots  
Wind Mo&ling Tec..nique 
A two-segment (upper and lower a l t i t u d e )  l i n e a r  wind model was used to 
describe t h e  w i n d  speed and d i r e c t i o n  between t h e  c r u i s e  a l t i t u d e  and t h e  
ground. Two g r a d i e n t s  f o r  each segment, one showing t h e  v a r i a t i o n  of wind 
speed and t h e  o t h e r  showing t h e  v a r i a t i o n  of wind d i r e c t i o n  wi th  changes i n  
a l t i t u d e ,  were s t o r e d  i n  t h e  computer. A complete wind m o d e l  f o r  t h e  upper 
a l t i t u d e  segment (metering f i x  f l o o r  a l t i t u d e ,  approximately 5200 m to c ru ise  
a l t i t u d e )  was de r ived  by applying t h e  upper a l t i t u d e  g r a d i e n t s  to t h e  ine r -  
t i a l l y  measured winds a t  c r u i s e  a l t i t u d e .  The lower wind model ( s u r f a c e  to 
t h e  metering f i x  f l o o r  a l t i t u d e )  was d e r i v e d  by applying t h e  lower a l t i t u d e  
g r a d i e n t s  to  t h e  s u r f a c e  winds measured a t  t h e  a i rport .  
The magnitude of each g r a d i e n t  was d e r i v e d  from t h e  winds-alof t  f o r e c a s t  
f o r  t h e  test area and s t o r e d  i n  t h e  computer be fo re  each f l i g h t .  The s u r f a c e  
wind a t  t h e  a i rport  was i n s e r t e d  by t h e  p i l o t  through t h e  NCDU p r i o r  to each 
descen t .  The magnitude of t h e  wind v e l o c i t y  a t  c r u i s e  a l t i t u d e  was t h e  va lue  
measured by t h e  i n e r t i a l  system a t  t h e  time of t h e  i n i t i a l  p r o f i l e  d e s c e n t  
c a l c u l a t i o n ,  
The fol lowing l i n e a r  equa t ions  were used to determine t h e  magnitude of 
t h e  wind v e l o c i t y  a t  any a l t i t ude  h: 
( h  2 Metering f i x  f l o o r  a l t i t u d e )  
(h  2 Metering f i x  f l o o r  a l t i t u d e )  
( h  < Metering f i x  f l o o r  a l t i t u d e )  
dSW 
('W)h = (z) ( h  hgrd) + '%,grd kno t s  
L 
(h  < Metering f i x  f l o o r  a l t i t u d e )  
The head-wind component a t  an a l t i tude h was then computed f o r  a specific 
ground track ang le  TFtK by using t h e  r e l a t i o n :  
knots 
Canpensation for Nonstandard Atmospheric 
Temperature and Pressure E f f e c t s  
V a r i o u s  f l i g h t  i n s t rumen t s  i n c l u d i n g  t h e  Mach meter, airspeed i n d i c a t o r ,  
and t h e  altimeter are designed t o  d i s p l a y  c o r r e c t  i n d i c a t i o n s  i n  a s t anda rd  
atmosphere. However, s t anda rd  atmospheric cond i t ions  are r a r e l y  encountered 
which r e s u l t  i n  s l i g h t  errors i n  i n d i c a t e d  a l t i t u d e  and speed. The LFM/PD 
algori thm canpensates  for nonstandard temperatures as t h e y  a f f e c t  altimeter 
i n d i c a t i o n s  and t h e  speed-of-sound c a l c u l a t i o n s .  Canpensation i s  also a p p l i e d  
to altimeter i n d i c a t i o n s  f o r  nonstandard p res su re  e f f e c t s .  
The i n t e r n a t i o n a l  s t anda rd  atmosphere temperature  model is shown i n  f i g -  
ure 8 as a s o l i d  l i n e .  T h i s  l i n e a r  model has  a s t a n d a r d  sea - l eve l  temperature  
To of 288 K and a temperature  lapse rate a of -0 ,00649 K/m. The LFM/PD 
algori thm d e f i n e s  a new temperature  model shown i n  f i g u r e  8 as a dashed l i n e  
u t i l i z i n g  t h e  s t anda rd  temperature  lapse r a t e  but  i n c o r p o r a t i n g  a nonstandard 
sea - l eve l  temperature  TA. The nonstandard sea - l eve l  temperature  is determined 
by summing t h e  temperature  measured a t  cruise a l t i t u d e  w i t h  t-he product of t h e  
temperature  l a p s e  ra te  and c r u i s e  a l t i t u d e .  
The nonstandard sea - l eve l  temperature is used t o  d e f i n e  a r e l a t i o n s h i p  
between t h e  i n d i c a t e d  a l t i t u d e  d i sp layed  t o  t h e  p i l o t  and t h e  g e o p o t e n t i a l  
a l t i t u d e  used i n  t h e  descent  pa th  c a l c u l a t i o n s .  The  p r e s s u r e  a l t i t u d e  ind i -  
cated by a b a r a n e t r i c  altimeter is given by 
-aR 
hP -?[:)  a - ] + A h p  m 
I f  t h e  temperature  lapse r a t e  is assumed constant ,  t h e  est imated p r e s s u r e  
a l t i t u d e  w i t h  nonstandard sea - l eve l  temperature may be approximated by 
T h e  approximate a l t i t u d e  error f u e  to  nonstandard temperature e f f e c t s  
is determined by s u b t r a c t i n g  hp from hp w i t h  t h e  error due t o  nonstandard 
p r e s s u r e  e f f e c t s  
A+ 
Ahp assumed to be zero,  and t h e  fo l lowing  e q u a t i o n  r e s u l t s :  
1 5  
Compensation for nonstandard sea-level pressure effects on indicated alti- 
tude was approximated by using the relation that 33.86 mb (1 in. of mercury) 
is equivalent to 304.8 m (1000 ft) of altitude. Therefore, the altitude error 
is given by 
Ahp = -9.002(BARO - 1013.2) m 
where BAR0 is the barometric altimeter setting in millibars. 
Combining the nonstandard temperature and pressure corrections results in 
the following expressions to determine the approximate geopotential altitude 
hGP from an indicated altitude hI or conversely to determine the approximate 
indicated altitude corresponding to a given geopotential altitude. The dis- 
tinction between altitudes above and below FL180 results from the operational 
use of "pressure altitude" obtained by setting the altimeter to 1013.2 mb when 
flying above FL180. The pressure correction is not required below FL180 since 
the altimeter would be reset to a nearby station 'value; thus, the indicated 
altitude would already contain the pressure correction. These equations are 
hGP=+&) (h =< FL180) 
k p  = [hI + 9.002(Bm - 1013.2)I (h > FL180) 
kP 
hI = m 
288.2 
(h 6 FL180) 
(h > FL180) 
\- 288.21 
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Descent Path Cm.putations 
The cruise and d e s c e n t  path between the e n t r y  f i x  and t h e  aim p o i n t  was 
de f ined  by computing t h e  r e l a t i v e  l o c a t i o n  and a l t i t u d e  of t h e  necessary i n t e r -  
mediate way p o i n t s .  The a l t i t ude  of each way p o i n t  was computed f i r s t .  Ground 
speed a t  which t h e  a i r p l a n e  was to cross each way p o i n t  was determined by sum- 
ming t h e  resu l t  of t h e  Mach number or CAS to  t r u e  airspeed conversions w i t h  t h e  
head-wind component de r ived  from t h e  wind model. 
of t h e  way p o i n t s  were determined by computing t h e  l e n g t h  of t h e  pa th  segments 
between the  way p o i n t s .  
p o i n t  ground speeds and t h e  a i r p l a n e  d e c e l e r a t i o n  c a p a b i l i t y  were used. On t h e  
descen t  path segments, t h e  average ra te  of descen t  h and t h e  r equ i r ed  a l t i t u d e  
change were used to determine t h e  t i m e  to t r a v e l  between t h e  way p o i n t s .  T h i s  
path segment t i m e  was combined wi th  t h e  average segment ground speed to d e t e r -  
mine the  segment l eng th .  The d e t a i l s  of these c a l c u l a t i o n s  are p resen ted  i n  
t h e  fol lowing paragraphs.  
Then t h e  r e l a t i v e  l o c a t i o n s  
On t h e  l e v e l - f l i g h t  path,segments ,  t h e  a s s igned  way 
Metering f i x  a l t i t u d e . -  The f i r s t  requirement was to determine t h e  d e s i r e d  
metering f i x  a l t i t u d e  t h a t  would enab le  the TCV Boeing 737 a i r p l a n e  to descend 
from t h e  meter ing f i x  to the  aim p o i n t  i n  an i d l e - t h r u s t ,  c l e a n  c o n f i g u r a t i o n .  
The g e o p o t e n t i a l  metering f i x  a l t i t u d e  is given by 
The a l t i t u d e  ra te  was determined by using the  empirical expres s ion  shown 
i n  f i g u r e  5 compensated f o r  gross-weight e f f e c t s .  The t r u e  a i r s p e e d  TAS is 
t h e  average o f  t h e  metering f i x  and aim po in t  c a l i b r a t e d  airspeeds converted 
to t r u e  a i r s p e e d  a t  t h e  average a s s igned  a l t i t u d e  between the meter ing f i x  and 
aim p o i n t .  The head wind ( W H ) ~  was a l s o  determined a t  t h i s  average a l t i t u d e .  
The g e o p o t e n t i a l  meter ing f i x  a l t i t u d e  was then converted to an i n d i c a t e d  
a l t i t u d e  and l imi ted  to f a l l  w i t h i n  t h e  published meter ing f i x  a l t i t u d e  
window. 
h 
The d e s i r e d  meter ing f i x  a l t i t u d e  m u s t  be l imited to comply with pub- 
l ished p r o f i l e  descen t  procedures  to as su re  t h a t  adequate airspace f o r  
d e p a r t u r e  and o v e r f l i g h t  t r a f f i c  is maintained. The need to l i m i t  t h e  
desired meter ing f i x  a l t i t u d e  u s u a l l y  resul ts  from o p e r a t i n g  i n  t h e  presence 
of an extreme head w i n d / t a i l  wind. The impact on t h e  p r o f i l e  d e s c e n t  f l i g h t  
technique is t h a t  one or more of t he  assumed p r e c o n d i t i o n s  ( i d l e  t h r u s t ,  f l a p s  
ze ro ,  and gear  and speed brakes r e t r a c t e d )  must be v i o l a t e d  to f l y  between t h e  
meter ing f i x  and t h e  aim p o i n t .  
Mach/CAS t r a n s i t i o n  a l t i tude . -  A way p o i n t  was pos i t i oned  i n  t h e  d e s c e n t  
to denote  t h e  p o i n t  t h a t  t h e  p i lo t  would t r a n s i t i o n  from a c o n s t a n t  Mach number 
descen t  to a c o n s t a n t  calibrated a i r s p e e d  descent .  
a l t i t u d e  of t h e  t r a n s i t i o n  way p o i n t  was determined by s e t t i n g  t h e  expres s ions  
for t rue airspeed as a f u n c t i o n  of caiibrated aiespeed and as a f u n c t i o i i  of 
The g e n e r a l  equa t ion  f o r  
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Mach number equa l  to each o t h e r  and so lv ing  for g e o p o t e n t i a l  a l t i t u d e .  The 
r e s u l t a n t  t r a n s i t i o n  a l t i t u d e  is g iven  by 
hXO = 54155 - { 2.933 X l o 9  - [ 3.1861 X l o 6  ( 661 - c::df)l/2 -
Segment 1 .- Path  segment 1 is a l e v e l - f l i g h t  segment on which t h e  a i r p l a n e  
is slowed from t h e  descen t  c a l i b r a t e d  airspeed to  a r r i v e  a t  t h e  meter ing  f i x  
a t  a CAS of 250 kno t s .  I f  t h e  descen t  airspeed is e q u a l  to a CAS of 250 knots ,  
t h e  segment 1 time and l e n g t h  are set e q u a l  to z e r o  and t h e  segment 2 computa- 
t i o n s  are started.  
The equat ions  f o r  s egmen t1  t i m e  and l e n g t h  are 
(msd - 250) 
At1 = s ec 
x(1 - 0.3937 x h m )  
The a c c e l e r a t i o n  x along segment 1 is eva lua ted  w i t h  an average  of t h e  t r u e  
airspeeds obta ined  a t  t h e  segment beginning and ending way p o i n t s .  
Segment 2.- Segment 2 is a c o n s t a n t  calibrated airspeed d e s c e n t  flown a t  
i d l e - t h r u s t  power s e t t i n g s .  The equa t ions  f o r  t h e  t i m e  and l e n g t h  of  segment 2 
are 
(hxo - h m )  
sec - 
At2 - K~(-o,o9975cAsd + 14.798)  
n .  m i .  
- (wH) hXO+hMF 3600 
2 I' mSd (hXO + h m )  * -  0.3937 x A z 2  = 2 
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The time r e h t i o i i a h i p  At2  is giver. by ax altitude change ( d i f f e r e n c e  i n  t h e  
g e o p o t e n t i a l  a l t i t udes  of t h e  way p o i n t s  def ining t h e  segment) d iv ided  by an 
a l t i t u d e  rate c o r r e c t e d  for gross-weight e f f e c t s  w i th  t h e  KG m u l t i p l i c a t i o n  
f a c t o r .  The conversion from c a l i b r a t e d  to  true airspeed and t h e  head-wind 
component are computed based on t h e  average of t h e  t r a n s i t i o n  and t h e  metering 
f i x  a l t i t u d e s .  
Segment 3.- Segment 3 is a c o n s t a n t  Mach d e s c e n t  flown a t  i d l e - t h r u s t  power 
s e t t i n g s .  The c o n s t a n t  Mach segment is descr ibed by a f i r s t - o r d e r  d i f f e r e n t i a l  
equa t ion  of t h e  form 
Th i s  equa t ion  r e s u l t s  d i r e c t l y  from t h e  a l t i t u d e  ra te  r e l a t i o n s h i p  f o r  c o n s t a n t  
Mach number descen t s  p rev ious ly  discussed. The r e s u l t i n g  t i m e  and d i s t a n c e  
r e l a t i o n s  are 
L 2J 
where -K1 is t h e  change i n  a l t i t u d e  rate with a l t i t u d e ,  eva lua ted  a t  t h e  
d e s c e n t  Mach number, corrected for gross-weight e f f e c t s  with t h e  m u l t i p l i c a t i o n  
factor K&/dh as follows: 
and K2 is given by t h e  fol lowing empi r i ca l  r e l a t i o n :  
K2 = 9.7 - K1 (hc + 1524) m/sec 
79 
The s t a t i c  temperature Tst,3 
t h e  average g e o p o t e n t i a l  a l t i t u d e  between cruise and t r a n s i t i o n  way-point 
a l t i t u d e s ,  
and t h e  head-wind component are eva lua ted  a t  
Segment 4 . -  Segment 4 is a l e v e l - f l i g h t  speed change from t h e  cruise 
Mach number to  t h e  descen t  Mach number. I f  t h e  d e s c e n t  Mach number is w i t h i n  
k0.015 of t h e  c r u i s e  Mach number, t h e  segment time and l e n g t h  are set to zero;  
otherwise,  
sec IMc - .dl At4  = 21 . 6 4 i G '  .. 
XC 
(Mc + 4) 
A24 = [21 . 6 4 p z  
2 
The t i m e  r e l a t i o n  A t 4  
xc 
T s t , 4  
puted f o r  cruise a l t i t u d e .  
is a true a i r s p e e d  change d iv ided  by an a c c e l e r a t i o n  
which was determined to be a c o n s t a n t  -1.15 knots/sec.  S t a t i c  temperature 
is determined a t  cruise a l t i t u d e  and t h e  head-wind component is com- 
Segment 5.- Segment 5 is t h e  remaining p a t h  between t h e  e n t r y  f i x  and t h e  
1 t  and t h e  
beginning of segment 4 .  The l eng th  o f  segment 5 A15 is simply t h e  d i f f e r e n c e  
between t h e  t o t a l  d i s t a n c e  between t h e  e n t r y  f i x  and meter ing f i x  
sum of the  d i s t a n c e s  of t h e  remaining fou r  segments and is given as  fol lows:  
Al5 = I t  - ), A Z ~  n .  m i .  
j=l 
Segment time At5 
speed as  follows: 
is found by d i v i d i n g  t h e  d i s t a n c e  to  be flown by t h e  ground 
3600 Al5 
The s t a t i c  temperature is determined a t  cruise a l t i t u d e  and t h e  head wind 
computed for t h e  g e o p o t e n t i a l  cruise a l t i t u d e ,  
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I npu t/Outpu t Requirements 
Data r equ i r ed  for p r o f i l e  descen t  c a l c u l a t i o n s  are ob ta ined  from t h e  NCTJ 
nav iga t ion  data base, from pi lot  i n p u t s  through t h e  NCDU, and from real-time 
sensor i n p u t s  through a data bus  to  t h e  NCU. 
Parameters contained i n  t h e  NCU navigat ion data base inc lude  
(1 ) A i m  p o i n t :  l o c a t i o n  ( l a t i t u d e  and l o n g i t u d e ) ,  programmed a l t i t u d e ,  
and programmed a i r  speed 
(2)  Metering f i x :  l o c a t i o n  ( l a t i t u d e  and l o n g i t u d e ) ,  maximum and 
minimum programmed a l t i t u d e s ,  and programmed airspeed 
( 3 )  Maximum and minimum a i r p l a n e  o p e r a t i o n a l  descen t  Mach number and 
a i r  speed 
( 4 )  w i n d  speed and d i r e c t i o n  g r a d i e n t s  
I n p u t s  r equ i r ed  for  t h e  p r o f i l e  descent  c a l c u l a t i o n s  i n s e r t e d  through t h e  
NCDU by t h e  p i l o t  i nc lude  
( 1 )  Entry f i x  d e s c r i p t i o n :  l o c a t i o n ,  programmed a l t i t u d e ,  programmed 
ground speed, and programmed c ross ing  t i m e ;  t h e  e n t r y  f i x  is t h e  
l a s t  way p o i n t  t h e  p i lo t  has  def ined on h i s  p a t h  be fo re  using t h e  
LFM/PD a lgo r  i thm 
(2) Descent Mach/CAS schedule  ( n o t  required i f  both t h e  meter ing f i x  and 
e n t r y  f i x  times are s p e c i f i e d )  
( 3 )  Metering f i x  t i m e  ( n o t  required i f  t h e  p i l o t  selects t h e  d e s c e n t  
Mach/CAS schedule)  
( 4 )  Sur face  winds 
(5) A i r p o r t  altimeter s e t t i n g  
(6) Airplane g r o s s  weight 
( 7 )  Total a i r  temperature 
Information r equ i r ed  for t h e  p r o f i l e  descent  c a l c u l a t i o n s  i n p u t  to t h e  
nav iga t ion  computer au tomat i ca l ly  through a data bus inc lude  (magnitudes a t  t i m e  
of p r o f i l e  descen t  c a l c u l a t i o n )  
( 1 )  Winds-aloft speed and d i r e c t i o n  
( 2 )  Cru i se  Mach number 
( 3 )  C r u i s e  a l t i t u d e  
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The f l i g h t  management d e s c e n t  a lgo r i thm c a l c u l a t e s  and o u t p u t s  t h e  follow- 
ing parameters to be used  by t h e  guidance and d i s p l a y  system: 
(1 )  All descen t  way-point d i s t a n c e s  r e l a t i v e  to t h e  metering f i x ,  
p rog ramed  a l t i t u d e s ,  and programmed ground speeds 
(2)  The magnetic d i r e c t i o n  of t h e  e n t r y  f i x  r e l a t i v e  to t h e  meter ing f i x  
( a l l  way p o i n t s  used to d e s c r i b e  t h e  descen t  p r o f i l e  l i e  i n  t h e  
v e r t i c a l  plane de f ined  between t h e  meter ing f i x  and e n t r y  f i x )  
(3) Mach/CAS descen t  schedule  
FLIGHT TEST OBJECTIVES 
The o b j e c t i v e s  of t h e  f l i g h t  tests were to  ( 1 )  document t h e  d e s c e n t  p a t h  
parameters determined by t h e  d e s c e n t  f l i g h t  management a lgo r i thm inc lud ing  wind 
modeling e f f e c t s ,  (2) determine t h e  c o m p a t i b i l i t y  of t h e  a i r b o r n e  f l i g h t  manage- 
ment descent  concept  with t i m e  c o n t r o l  i n  t h e  cockpit while  o p e r a t i n g  i n  t h e  
time-based metered LE'M/PD a i r  t r a f f i c  c o n t r o l  environment, (3 )  determine p i l o t  
acceptance of t h e  cockp i t  procedures to program and f l y  a fue l - conse rva t ive ,  
t ime-controlled descent ,  and ( 4 )  o b t a i n  data f o r  estimates of f u e l  usage. These 
o b j e c t i v e s  were achieved by us ing  q u a l i t a t i v e  data i n  t h e  form of p i l o t  and 
ARTCC radar c o n t r o l l e r  comments; audio r eco rd ings  of c o n t r o l l e r ,  c o c k p i t ,  and 
air-to-ground conve r sa t ions ;  and video r eco rd ings  from t h e  ARTCC radar scope 
and by using q u a n t i t a t i v e  data i n  t h e  form of speed, a l t i t u d e ,  and time error 
recorded onboard t h e  a i r p l a n e .  
DESCRIPTION OF AIRPLANE AND EXPERIMENTAL SYSTEMS 
The test a i r p l a n e  is t h e  TCV Boeing 737 r e sea rch  a i r p l a n e  (a  twin-engine 
subsonic  j e t  commercial t r a n s p o r t ) .  The experimental  systems c o n s i s t  of a 
t r i p l e x  d i g i t a l  f l i g h t  c o n t r o l  system, a d i g i t a l  nav iga t ion  and guidance 
system, and an e l e c t r o n i c  CRT d i s p l a y  system t h a t  is i n t e g r a t e d  i n t o  a s e p a r a t e  
r e sea rch  f l i g h t  deck ( r e f .  6 ) .  The f u l l - s c a l e  r e sea rch  f l i g h t  deck is located 
i n  t h e  a i r p l a n e  cab in  j u s t  forward of t h e  wing as shown i n  f i g u r e  9 .  F igu re  10  
shows t h e  instrument  pane l  of t h e  r e sea rch  f l i g h t  deck. 
The t r i p l y  redundant d i g i t a l  f l i g h t  c o n t r o l  system p rov ides  both auto- 
matic and fly-by-wire c o n t r o l  wheel s t e e r i n g  o p t i o n s .  The v e l o c i t y  vec to r  
c o n t r o l  wheel  s t e e r i n g  m o d e  ( r e f .  6)  w a s  u t i l i z e d  during t h e s e  f l i g h t  tests. 
I n  t h i s  c o n t r o l  m o d e ,  t h e  f l i g h t  c o n t r o l  computers vary p i t c h  a t t i t u d e  and 
heading to maintain f l i g h t - p a t h  ang le  and track ang le ,  r e s p e c t i v e l y .  
The navigat ion computer is a general-purpose d i g i t a l  computer designed 
for airborne computations and data processing tasks.  I t  u t i l i z e s  a 24-bi t  word 
l e n g t h  and has  a 32 000-word d i r e c t l y  addres sab le  core memory, Major so f tware  
r o u t i n e s  ( r e f s .  7 and 8)  i n  t h e  nav iga t ion  computer inc lude  (1) nav iga t ion  
p o s i t i o n  e s t ima te ,  (2)  f l i g h t  route d e f i n i t i o n ,  (3)  guidance commands to t h e  
f l i g h t  c o n t r o l  computer system, ( 4 )  p i l o t i n g  d i s p l a y  system computations,  and 
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(5) f l i g h t  d a t a  s t o r a g e  for nav iga t ion  purposes. The f l i g h t  management d e s c e n t  
a lgo r i thm so f tware  w a s  a lso included i n  the nav iga t ion  computer. 
The c a p t a i n  and t h e  f i r s t  o f f i c e r  each have t h r e e  CRT d i s p l a y s  and con- 
v e n t i o n a l  airspeed and altimeter instrumentat ion f o r  guidance. The t h r e e  CRT 
d i s p l a y s  inc lude  t h e  EADI,  t h e  EHSI, and the NCW which is a d i g i t a l  d i s p l a y  
of v a r i o u s  nav iga t ion  information stored- i n  t h e  NCU. 
The EADI  d i s p l a y  is formatted much l i k e  a convent ional  a t t i t u d e  i n d i c a t o r  
b u t  has a d d i t i o n a l  symbology to h e l p  t h e  p i l o t  nav iga te  and c o n t r o l  t h e  air-  
p l ane .  A detailed exp lana t ion  of t h e  EADI d i s p l a y  may be found i n  r e f e r e n c e  7 .  
Two o p t i o n s  of t h e  EADI d i s p l a y  used f o r  l a t e r a l  and v e r t i c a l  p a t h  nav iga t ion  
on t h e s e  f l i g h t  tests are t h e  v e r t i c a l  and la teral  course d e v i a t i o n  i n d i c a t o r s  
and t h e  star i n d i c a t o r  used with t h e  f l i g h t - p a t h  ang le  wedges as shown i n  
f i g u r e  1 1 .  
The v e r t i c a l  and l a t e ra l  course dev ia t ion  i n d i c a t o r s  are p resen ted  i n  a 
conven t iona l  needle  and t a p e  format .  The v e r t i c a l  tape on t h e  right-hand side 
of t h e  EADI shows the v e r t i c a l  p a t h  error. A s t anda rd  " f l y  to" d e v i a t i o n  con- 
ven t ion  is employed where t h e  needle  r e p r e s e n t s  t h e  d e s i r e d  p a t h  and t h e  c e n t e r  
of t h e  tape r e p r e s e n t s  t h e  a i r p l a n e  ( i , e . ,  i f  t h e  a i r p l a n e  is below t h e  d e s i r e d  
p a t h  t h e  need le  w i l l  be d i sp l aced  above t h e  c e n t e r  o f  t h e  tape).  The i n d i c a t e d  
range of t h e  tape scale is +152 m (+500 f t ) .  The l a t e r a l  course d e v i a t i o n  
i n d i c a t o r  is d i sp layed  on t h e  bottom of t h e  =I. The f l y  to d e v i a t i o n  con- 
ven t ion  is also u t i l i z e d  and t h e  i n d i c a t e d  range of t h e  h o r i z o n t a l  tape is 
k1829 m (+6000 f t )  . 
The second EADI nav iga t ion  o p t i o n  used du r ing  t h i s  test was t h e  star ind i -  
cator used with t h e  f l i g h t - p a t h  a n g l e  wedges shown i n  f i g u r e  1 1 .  The s tar  
r e p r e s e n t s  t h e  nex t  way p o i n t  on t h e  programmed route. The s ta r ' s  v e r t i c a l  
displacement  on t h e  EADI  p i t c h  g r i d  r e p r e s e n t s  t h e  f l i g h t - p a t h  ang le  a t  which 
t h e  a i r p l a n e  m u s t  be flown to a r r i v e  a t  t h e  programmed a l t i t u d e  a t  t h e  nex t  way 
p o i n t .  The star is also d i sp laced  la teral ly  to provide l a t e r a l  p a t h  t r a c k i n g  
guidance. 
The f l i g h t - p a t h  a n g l e  wedges used with t h e  s ta r  d i s p l a y  r e p r e s e n t  t h e  
i n e r t i a l l y  referenced f l i g h t  p a t h  of t h e  a i r p l a n e .  
p a t h  a n g l e  and track ang le  a r e  a d j u s t e d  so t h a t  t h e  f l i g h t - p a t h  ang le  wedges 
c e n t e r  d i r e c t l y  on t h e  star, t h e  a i r p l a n e  w i l l  be f l y i n g  d i r e c t l y  to t h e  
way p o i n t .  
If t h e  a i r p l a n e  f l i g h t -  
F igu re  12 is a drawing of t h e  EHSI d i s p l a y  operated i n  a track-up mode. 
This  d i s p l a y  is a p l a n  view of t h e  d e s i r e d  r o u t e  and o p t i o n a l l y  d i sp l ayed  
features such as r a d i o  f i x e s ,  navigat ion aids ,  airports, and t e r r a i n  drawn 
r e l a t i v e  to  t h e  a i r p l a n e ' s  p o s i t i o n  indicated by a t r i a n g u l a r  a i r p l a n e  
symbol. A t rend vec to r  is d i sp layed  i n  f r o n t  of t h e  a i r p l a n e  symbol to aid 
t h e  p i l o t  w i th  r o u t e  cap tu re  and t r a c k i n g  and wi th  t i m e  guidance u t i l i z a t i o n .  
The t r end  vector  is composed of t h r e e  consecut ive l i n e s  which p r e d i c t  where 
t h e  a i r p l a n e  w i l l  be i n  t h e  nex t  30, 60, and 90 sec based on t h e  a i r p l a n e ' s  
c u r r e n t  ground speed and bank angle .  The EHSI d i s p l a y  a lso p rov ides  t h e  
p i l o t  w i th  t i m e  guidance and an a l t i t u d e  p r e d i c t i v e  arc to a i d  t h e  p i l o t  
during a l t i t u d e  changes. 
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Time guidance is provided on the EHSI by a box symbol that moves along 
the programmed path. The time box represents the position along the route 
where the airplane should be based on the programmed ground speeds and the 
time profile. The pilot nulls the time error by maneuvering the airplane 
so that the airplane symbol is contained within the time box. 
During climbs and descents, the pilot may select the range/altitude 
arc symbol to be drawn on the EHSI as shown in figure 1 2 .  This symbol depicts 
the range in front of the airplane where a pilot-selected reference altitude 
will be achieved based on the airplane's current altitude and flight-path 
angle and the desired reference altitude. 
The range/altitude arc was used on the descent profile during these 
tests by setting the magnitude of the reference altitude to the programmed 
altitude of the next way point. Then the pilot would adjust the flight-path 
angle of the airplane so that the arc would lie on top of the next way point 
displayed on the EHSI. 
point at the programmed altitude. 
This resulted in the airplane crossing the next way 
The NCDU display contains numerous navigational data for the pilot to 
select including programmed route information, tracking and navigational 
error information, and systems status checks, This information is presented 
in alphanumeric form. A complete description of the NCDU and its operations 
may be found in reference 7 .  
DATA ACQUISITION 
Data were recorded onboard the airplane by a wide-band magnetic tape 
These data included 93 parameters describing recorder at 40 samples/sec. 
the airplane configuration, attitude, control surface activity, and 32 select- 
able parameters from the navigation computer. Airborne video recordings of 
the EADI and the MSI displays were made throughout each flight. In addition, 
audio records of test crew conversations and air/ground communications were 
recorded. 
On the ground, the A X  radar controller's scope presentation and the 
Air Route Traffic Control Center computer-generated time-based metering 
update list were video recorded. 
FLIGHT TEST CREW 
The flight test crew consisted of a captain and first officer. The 
captain was responsible for flying the airplane in the velocity vector 
control wheel steering mode and for operation of the thrust levers. The 
first officer was responsible for program inputs to the navigation computer, 
selecting appropriate display guidance, and assisting the captain as 
requested. 
parameters describing the profile descent for postflight analysis. 
In addition, the first officer recorded flight notes of various 
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Two NASA test p i l o t s  and fou r  management/line a i r l i n e  p i lo t s  served as  
c a p t a i n  during the  f l i g h t  tests. 
f l i g h t  and s imula t ion  experience with t h e  TCV a i r p l a n e  and i t s  experimental  
f l i g h t  c o n t r o l  and d i s p l a y  systems. 
mately 6 hours  of s imulator  t r a i n i n g  p r i o r  to t h e  f l i g h t  tests. One of t h e  
a i r l i n e  pi lots  had 4 hours of f l i g h t  time i n  t h e  TCV a i r p l a n e  acquired du r ing  
u n r e l a t e d  f l i g h t  tests 9 months ea r l i e r .  
Both NASA pi lots  had e x t e n s i v e  previous 
The four a i r l i n e  pi lots  each had approxi- 
A NASA engineer served as f i r s t  o f f i c e r  on a l l  f l i g h t s .  H e  had previous 
f l i g h t  crew experience i n  s imula t ion  and f l i g h t  with t h e  TCV a i r p l a n e  and its 
experimental  systems, 
TASK 
Other than requ.iring t h e  time navigat ion r e s p o n s i b i l i t y  to  be i n  t h e  cock- 
p i t ,  t h e  experiment t a s k  r equ i r ed  t h e  f l i g h t  crew to operate t h e  a i r p l a n e  as a 
normal a r r i v a l  f l i g h t  to  t h e  Denver a i r p o r t  p a r t i c i p a t i n g  i n  t h e  time-based 
metered LFM/PD a i r  t r a f f i c  c o n t r o l  system. Each test run was started with t h e  
a i r p l a n e  a t  cruise a l t i t u d e  and speed on a 4-D programmed p a t h  to an e n t r y  f i x  
110  n .  m i .  from Denver. P r i o r  to passing the e n t r y  f i x ,  t h e  f l i g h t  crew 
received a p r o f i l e  descen t  c l e a r a n c e  and an a s s igned  meter ing f i x  t i m e  from 
t h e  Denver ARTCC. The f l i g h t  crew then keyed t h e  a p p r o p r i a t e  parameters  i n t o  
t h e  NCDU so t h a t  an i d l e - t h r u s t  descen t  path to  t h e  meter ing f i x  would be gener- 
ated and d i sp layed .  Then t h e  crew flew to t h e  metering f i x  using 4-D pa th  
guidance p resen ted  on t h e  EADI  and EHSI d i s p l a y s .  Each test run was terminated 
a t  t h e  metering f i x  and t h e  a i r p l a n e  was r epos i t i oned  f o r  another  test  run (or 
flown back to t h e  a i r p o r t  a f t e r  the f i n a l  tes t  of t h e  d a y ) .  
The f l i g h t  crew was expected to n u l l  l a te ra l  and v e r t i c a l  p a t h  errors  
throughout t h e  test and n u l l  t h e  t i m e  e r r o r  p r i o r  to t h e  top-of-descent way 
p o i n t .  During t h e  descen t  to t h e  metering f i x ,  t h r u s t  was r e t a i n e d  a t  f l i g h t  
i d l e ,  and speed brakes were no t  used r ega rd le s s  of any t i m e  error so t h a t  t h e  
e f f e c t s  of wind modeling on t h e  p r e d i c t e d  descen t  p a t h  cou ld  be observed. 
d e v i a t i o n s  f o r  a i r  t r a f f i c  c o n t r o l  purposes or due to  weather were accepted 
and accommodated dur ing  the  t e s t  r u n s ,  
Pa th  
The f l i g h t  test  path,  i nc lud ing  t h e  p r o f i l e  descen t  segments, flown f o r  
each run is shown i n  f i g u r e  1 3 .  This test p a t h  was 420 n .  m i .  long and t o o k  
approximately 1 hour to f l y .  The f i r s t  o f f i c e r  would program p a t h  guidance 
to  t h e  e n t r y  f i x  p r i o r  to a r r i v i n g  a t  t h e  G i l l  VORTAC. Af t e r  t h e  f i n a l  meter- 
ing  f i x  a r r i v a l  t i m e  was computed by t h e  Denver ARTCC and radioed to t h e  a i r -  
p l ane ,  guidance f o r  t h e  p r o f i l e  descen t  between t h e  e n t r y  f i x  and t h e  aim p o i n t  
was computed with t h e  nav iga t ion  computer by using the  f l i g h t  management 
descen t  a lgori thm. 
The p i l o t  was i n s t r u c t e d  to n u l l  small  t i m e  errors (less than  20 sec) 
through speed c o n t r o l  and l a r g e r  t i m e  e r r o r s  through p a t h  s t r e t c h i n g  (with 
ATC concurrence) maneuvers. However, t h e  p i l o t  was to have a t t a i n e d  t h e  pro- 
g r a m e d  ground speed and a l t i t u d e  a t  t h e  top-of-descent way p o i n t  r e g a r d l e s s  
rrF ek, e:-- ,....*.. 
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Between t h e  t o p o f - d e s c e n t  and t h e  metering f i x  way p o i n t s ,  t h e  a i r p l a n e  
was flown a t  i d l e  t h r u s t  and t h e  u s e  of speed brakes was no t  pe rmi t t ed .  The 
c a p t a i n  used p a t h  guidance on t h e  EHSI d i s p l a y  and t h e  l a te ra l  p a t h  d e v i a t i o n  
indicator on t h e  EADI for la teral  pa th  guidance. For v e r t i c a l  guidance, t h e  
s tar  and f l i g h t - p a t h  ang le  wedges on t h e  EADI and t h e  range a l t i t u d e  arc on 
t h e  EHSI d i sp l ay  were used. I t  was t h e  r e s p o n s i b i l i t y  of t h e  f i r s t  o f f i c e r  
to  select the d e s i r e d  a l t i t u d e  f o r  t h e  r a n g e / a l t i t u d e  a rc  o p t i o n  so t h a t  t h e  
c a p t a i n  could devote f u l l  a t t e n t i o n  to f l y i n g  t h e  a i r p l a n e .  
1 
A l t i t u d e  error , 
m (f t)  
Me an 1 0 . 2  (33.6) high 
Standard d e v i a t i o n  23.7 (77.8) 
Maximum e r r o r  51 .5 (1 69) high 
U s e  of t h e  v e r t i c a l  guidance i n  t h i s  f a s h i o n  r e s u l t e d  i n  t h e  a i r p l a n e  
being flown i n  t h e  v e r t i c a l  p l ane  along a s t r a i g h t  l i n e  between way p o i n t s .  
Even through a c o n s t a n t  Mach d e s c e n t  requires an  inc reased  ra te  o f  d e s c e n t  
as a l t i t u d e  is lost, the  s t r a i g h t - l i n e  f l i g h t  p a t h  resul ts  i n  l i t t l e  e r r o r .  
The cap ta in  would a n t i c i p a t e  l e v e l i n g  t h e  a i r p l a n e  f o r  t h e  programmed 
a l t i t u d e  a t  t h e  bottom-of-descent way p o i n t  w i th  r e fe rence  to a conven t iona l  
barometric a l t i m e t e r  and then would proceed to t h e  metering f i x .  A f t e r  pass- 
ing the  metering f i x ,  t h e  test run was complete and t h e  c a p t a i n  would t u r n  t h e  
a i r p l a n e  to  r e p o s i t i o n  f o r  another  test run .  
RESULTS AND DISCUSSION 
Airborne Algor i thm F l i g h t  Perf or mance 
The prime i n d i c a t o r  of performance of t h e  f l i g h t  management d e s c e n t  algo- 
r i thm and concept of time c o n t r o l  i n  t h e  c o c k p i t  was t h e  accuracy i n  terms of 
t i m e ,  a i r speed ,  and a l t i t u d e  with which t h e  a i r p l a n e  passed t h e  meter ing f i x .  
This  accuracy was q u a n t i f i e d  through t h e  c a l c u l a t i o n  of t h e  mean and s t anda rd  
d e v i a t i o n  of t h e  a l t i t u d e  error, a i r s p e e d  error,  and t i m e  error f o r  19 test  
runs .  
The mean, standard dev ia t ion ,  and maximum va lue  f o r  t h e  a l t i t u d e ,  airspeed, 
and t i m e  e r r o r s  are summarized i n  t h e  fol lowing t a b l e :  
knots  
I 0.3 s l o w  6.6 l a t e  
12.9 f a s t  29.0 la te  
The values  of t hese  errors  were judged by t h e  p i l o t s  to be very good f o r  t h i s  
f l i g h t  environment. These data demonstrated t h a t  h igh ly  accurate f u e l  e f f i -  
c i e n t  descen t  p r o f i l e s  t h a t  s a t i s f y  t e rmina l  t i m e  boundary c o n s t r a i n t s  can  be 
generated and flown using a r e l a t i v e l y  s imple and s t r a igh t - fo rward  empirical 
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model f o r  t h e  aerodynamic and performance c h a r a c t e r i s t i c s  of t h e  a i r p l a n e .  
Because of t h e  s i m p l i c i t y  of modeling these c h a r a c t e r i s t i c s ,  t h i s  a lgo r i thm 
could be app l i ed  to v a r i o u s  f l i g h t  management/planning systems t h a t  are much 
less s o p h i s t i c a t e d  than  t h e  NASA TCV Boeing 737 experimental  system. 
The s t anda rd  d e v i a t i o n  and t h e  maximum va lue  of t h e  a l t i t u d e  error was 
s l i g h t l y  higher  than expected. 
had been i n s t r u c t e d  n o t  to make minor a l t i t u d e  c o r r e c t i o n s  a f t e r  t h e  i n i t i a l  
l eve l -o f f  a t  t h e  bottom-of-descent way p o i n t  so t h a t  t h e  d i f f e r e n c e  between 
t h e  actual and p r e d i c t e d  a i r s p e e d  change between t h e  bottom-of-descent and 
meter ing f i x  way p o i n t s  cou ld  be accu ra t e ly  a s ses sed .  
Th i s  was a t t r i b u t e d  to t h e  f a c t  t h a t  t h e  p i l o t s  
The absolute t i m e  error o f  t h e  a i r p l a n e  c r o s s i n g  t h e  metering f i x  r e s u l t e d  
i n  a s i g n i f i c a n t  error r educ t ion  with time c o n t r o l  i n  t h e  c o c k p i t .  
f e l t  t h a t  they could have reduced t h e  t i m e  error even f u r t h e r  had they  been 
allowed to modulate t h r u s t  and speed brakes during t h e  descen t .  S ince  t h e  
t h r u s t  was a t  f l i g h t  i d l e  and t h e  speed brakes n o t  employed du r ing  t h e  descen t ,  
t h e  a b s o l u t e  t i m e  error w a s  a f u n c t i o n  of the i n i t i a l  t i m e  error a t  t h e  top of 
descen t  as w e l l  as a func t ion  of t h e  f l i g h t  management d e s c e n t  a lgo r i thms  (which 
included w i n d  modeling) , 
The pi lots  
The t i m e  error accumulated between the top-of-descent and t h e  metering 
f i x  way p o i n t s  more a p p r o p r i a t e l y  r e f l e c t s  t h e  accuracy with which t h e  per- 
€ormance of t h e  a i r p l a n e  and t h e  winds had been modeled i n  t h e  f l i g h t  manage- 
ment descen t  a lgori thm. The mean and s tandard d e v i a t i o n  of t h e  accumulated 
t i m e  error for  t h e  1 9  test runs  was 2.5 sec and 6.9 sec, r e s p e c t i v e l y .  The 
maximum accumulated t i m e  error was 15 sec but t y p i c a l l y  less than  9 sec. 
The mean and s t anda rd  d e v i a t i o n  of t he  t i m e  errors associated wi th  cross- 
ing t h e  meter ing f i x  may have been inf luenced by t h e  t i m e  error i n  t h e  Mach/CAS 
descen t  speed schedule  convergence test .  During t h e s e  f l i g h t s ,  t h e  d e s c e n t  
speed schedule  was computed based upon a 5-sec t i m e  error convergence c r i t e r i o n .  
Five sec was chosen because t h e  descen t  speed schedule  could be computed i n  
less than s i x  i t e r a t i o n s  and would resul t  i n  a reasonable  bound upon t h e  t i m e  
error with t h e  r e s u l t i n g  d e s c e n t  speed schedule.  However, i f  more compu- 
t a t i o n a l  i t e r a t i o n s  to compute t h e  descen t  speed schedule  are permissible, 
then t h e  convergence c r i t e r i o n  could be reduced and a corresponding r educ t ion  
of t i m e  error c r o s s i n g  t h e  meter ing f i x  expected. 
Wind Modeling 
The two-segment l i n e a r  wind model was designed to provide a simple 
r e p r e s e n t a t i o n  of t h e  winds t h a t  would minimize t h e  t i m e  error of t h e  a i r p l a n e  
c r o s s i n g  the  metering f i x .  Th i s  was accomplished by using f o r e c a s t e d  wind 
information to d e f i n e  t h e  speed and d i r e c t i o n  wind model l i n e  g r a d i e n t s  and 
by using wind v e l o c i t i e s  measured a t  t h e  a i r p o r t  ( s u r f a c e  winds f o r  t h e  lower 
wind segment) and a t  cruise a l t i t u d e  ( i n e r t i a l l y  measured winds for ,  t h e  upper 
wind segment) to p o s i t i o n  t h e s e  l i n e  g r a d i e n t s  and complete t h e  w i n d  m o d e l .  
Th i s  type o f  r e p r e s e n t a t i o n  minimized t h e  impact of wind modeling errors  s i n c e  
most of t h e  tine f l y i n g  hetween t h e  e n t r y  fix a d  metering fix was a t  crrrise 
a l t i t u d e  where wind modeling was most accu ra t e .  Wind modeling e r rors  t h a t  
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occurred during t h e  d e s c e n t  were a t t e n u a t e d  by t h e  r e l a t i v e l y  s h o r t  exposure 
t i m e  to improperly modeled winds. 
The d i r e c t i o n  and speed g r a d i e n t s  of t h e  two-segment l i n e a r  wind model 
were entered i n t o  t h e  descen t  f l i g h t  management so f tware  each day p r i o r  to 
f l i g h t .  The g r a d i e n t s  for t h e  wind model were based on t h e  winds-alof t  fo re -  
cast f o r  t h e  Denver area f o r  t h e  t i m e  period of t h e  test f l i g h t s .  S ince  t h e  
winds-aloft  forecast was made 6 to 8 hr be fo re  t h e  f l i g h t  tests, actual  winds 
a l o f t  were measured and recorded onboard during t h e  climb to cruise a l t i t u d e  
on t h e  f i r s t  t es t  run of t h e  day. This wind information was p l o t t e d  and 
compared to the  forecast to determine i f  t h e  wind m o d e l  g r a d i e n t s  should be 
modified.  The g r a d i e n t s  could be changed i n  f l i g h t  f o r  succeeding test runs l  
i f  required. The w i n d  speed g r a d i e n t  was changed on only two of t h e  test  
runs - one of t hese  changes is shown i n  f i g u r e  1 4 .  
Figure 14 shows t h e  o r i g i n a l  and modified wind models used and t h e  winds 
measured for t w o  consecut ive test  runs .  The f i r s t  test  run used a model based 
on t h e  winds-aloft  f o r e c a s t  ob ta ined  be fo re  t h e  f l i g h t .  The second run used 
a wind model based on t h e  winds measured dur ing  t h e  f i r s t  t e s t  run .  The wind 
speed g r a d i e n t  on the  f i r s t  m o d e l  resulted i n  p r e d i c t e d  wind speeds (modeled) 
to  be f a s t e r  than a c t u a l  speeds encountered du r ing  t h e  d e s c e n t .  The accumu- 
la ted time error r e s u l t i n g  on t h i s  run was 15 sec. The g r a d i e n t  of t h e  wind 
speed m o d e l  was increased f o r  t h e  second t e s t  run wh i l e  t h e  d i r e c t i o n  g r a d i e n t  
was unchanged. The r e s u l t i n g  accumulated t i m e  error was reduced to  2 sec, 
Figure 1 4  also shows t h e  i n e r t i a l l y  measured wind speed and d i r e c t i o n  
(circled data  p o i n t s )  used to  complete t h e  wind model d e f i n i t i o n .  These data 
p o i n t s  were measured a t  t h e  t i m e  of t h e  d e s c e n t  c a l c u l a t i o n .  
f l i g h t s  t h i s  p o i n t  of c a l c u l a t i o n  was t y p i c a l l y  100 n .  m i .  b e fo re  t h e  top-of- 
descen t  way p o i n t .  This  resulted i n  t h e  p o s s i b i l i t y  of a b i a s  error i n  t h e  
modeled w i n d  speed and/or d i r e c t i o n  due to a wind s h i f t  between t h e  p o i n t  where 
t h e  descent c a l c u l a t i o n  was executed and t h e  t o p  of descen t .  This  phenomena 
occurred i n  t h e  d i r e c t i o n  g r a d i e n t  of t h e  second run as shown i n  f i g u r e  14 .  
The measured wind d i r e c t i o n  a t  t h e  p o i n t  of d e s c e n t  c a l c u l a t i o n  (115 n .  m i .  
from t h e  top of descen t )  was 30401 and a t  t h e  top of descen t ,  t h e  measured 
wind d i r e c t i o n  was 291O. Hence, a 13O bias error i n  d i r e c t i o n  r e su l t ed  
during the descen t ,  
During t h e s e  t e s t  
Airborne and Ground System Compa t ib i l i t y  
The p r o f i l e  descen t  c a l c u l a t e d  by t h e  f l i g h t  management descen t  algo- 
ri thm, p i l o t ' s  guidance, and cockpit procedures  were designed to be com- 
p a t i b l e  with c u r r e n t  time-based meter ing LFM/PD ATC procedures  and wi th  
o t h e r  t r a f f i c  p a r t i c i p a t i n g  i n  t h e  ATC system. The test a i r p l a n e  was 
treated by t h e  automated time-based meter ing LFM/PD computer program i n  t h e  
same manner as o t h e r  a i r p l a n e s  inbound to t h e  Denver a i rport .  The o n l y  ATC 
procedural  d i f f e r e n c e  during t h e  f l i g h t  tests was t h a t  t h e  test  a i r p l a n e  
p i l o t s  were given t h e  a s s igned  meter ing f i x  t i m e  s i n c e  they  were r e s p o n s i b l e  
f o r  t i m e  management, which r e s u l t e d  i n  no pa th  s t r e t c h i n g  radar  v e c t o r s  or 
speed c o n t r o l  commands r equ i r ed  f o r  sequencing purposes. C o n t r o l l e r  comments 
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i n d i c a t e d  t h a t  t h i s  d i f f e r e n c e  allowed a reduct ion i n  t h e i r  workload due to 
less requ i r ed  ground-to-air radio transmissions,  
P i l o t  comments i n d i c a t e d  t h a t  t h e  task of f l y i n g  p r o f i l e  d e s c e n t s  with 
time c o n t r o l  with t h e  e l e c t r o n i c  d i s p l a y s  was very e a s i l y  accomplished. 
descen t  a lgo r i thm and t h e  p a t h  guidance s u b s t a n t i a l l y  reduced t h e  p i l o t ' s  
workload, no cockpit c a l c u l a t i o n s  were required to determine t h e  top-of- 
descen t  way p o i n t ,  and guidance p resen ted  to t h e  p i l o t  made it easy to main- 
t a i n  a c c u r a t e  t i m e  control. Computer i npu t s  prior to d e s c e n t  were direct and 
s imple.  
The 
Video t a p e  recordings of t h e  ATC c o n t r o l l e r ' s  radar scope have shown t h a t  
t h e  test a i r p l a n e  operated compatibly with o t h e r  t r a f f i c .  The TCV a i r p l a n e  
merged with,  and remained i n ,  a queue of other  a i r p l a n e s  bound f o r  t he  metering 
f i x .  This c o m p a t i b i l i t y  r e s u l t e d  because of t h e  Mach/air speed d e s c e n t  schedule  
and r e s u l t i n g  t i m e  p r o f i l e  c a l c u l a t e d  with t h e  d e s c e n t  management a lgo r i thm 
based on t h e  assigned metering f i x  time. 
based upon t h e  p o s i t i o n  and meter ing f i x  time as s igned  to  t h e  a i r p l a n e s  landing 
p r i o r  to t h e  TCV a i r p l a n e .  Proper spacing between t h e s e  a i r p l a n e s  and t h e  test  
a i r p l a n e  would r e s u l t  i f  t h e  t i m e  p r o f i l e  was followed. 
This a s s igned  metering f i x  t i m e  was 
Fuel  Savings 
Fuel  s av ings  are accomplished on both a f l ee t -wide  basis and an i n d i v i d u a l  
a i r p l a n e  b a s i s .  Time-based metering procedures produce f leet-wide f u e l  sav- 
i ngs  by reducing e x t r a  vec to r ing  and holding of a i r p l a n e s  a t  l o w  a l t i t u d e  f o r  
sequencing i n t o  an approach queue. P r o f i l e  d e s c e n t  procedures produce indi-  
v i d u a l  a i r p l a n e  f u e l  s av ings  by allowing the p i l o t  to p lan  f o r  a f u e l  e f f i c i e n t  
d e s c e n t  to t h e  metering f i x .  
N o  attempt was made to q u a n t i f y  the increased f leet-wide f u e l  s av ings  due 
to t h e  r educ t ion  of t i m e  d i s p e r s i o n  c ross ing  t h e  metering f i x  s i n c e  t h e  TCV 
airplane was t h e  only a i r p l a n e  t h a t  u t i l i z e d  onboard-generated 4-D guidance 
du r ing  t h e s e  tests. I t  is apparent ,  however, t h a t  a r educ t ion  i n  t i m e  d i s -  
persion between a i r p l a n e s  being merged i n t o  an approach queue c a n  produce an 
i n c r e a s e  i n  f u e l  s a v i n g s  by a r educ t ion  i n  e x t r a  maneuvering f o r  l o n g i t u d i n a l  
spacing and can produce an inc rease  i n  runway u t i l i z a t i o n  by reducing exces- 
s i v e l y  l a r g e  t i m e  s e p a r a t i o n  between airplanes. 
Fue l  s av ings  a t  t h e  Denver a i r p o r t  as a r e s u l t  o f  t oday ' s  p r o f i l e  descen t  
o p e r a t i o n s  has  been estimated to be as h igh  a5 t h r e e  and a quarter m i l l i o n  
dol lars  per  year  ( r e f ,  5 ) .  Addi t iona l  f u e l  s av ings  as a r e s u l t  o f  t h e  a i r b o r n e  
algori thms were q u a n t i f i e d  through an a n a l y t i c a l  comparison of a d e s c e n t  cal- 
c u l a t e d  by the  f l i g h t  management descen t  a lgori thm and a convent ional  descen t  
t y p i c a l  of t hose  a i r p l a n e s  observed on t h e  ARTCC radar d i s p l a y .  Fuel  u s e  for 
each descent was based on f u e l  flow f o r  a Boeing 737 a i r p l a n e .  
Figure 15 shows t h e  v e r t i c a l  p r o f i l e  of both t h e  calculated and conven- 
t i o n a l  d e s c e n t s ,  I d e n t i c a l  i n i t i a l  and f i n a l  boundary c o n d i t i o n s  ( l o c a t i o n ,  
a l t i t ude ,  speeds, and t r a n s i t i o n  t i m e )  were used f o r  both d e s c e n t s  so t h a t  a 
v a l i d  comparison of f u e l  use cou ld  be made. Both d e s c e n t s  begin a t  t h e  e n t r y  
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f i x ,  76 n. m i .  from t h e  metering f i x ,  a t  an a l t i t u d e  of FL350, and a t  a c r u i s e  
Mach number of 0.78. The d e s c e n t s  end a t  t h e  meter ing f i x  a t  an a l t i t u d e  of 
FL195 and a t  a calibrated airspeed of 250 knots .  Flying t i m e  f o r  both d e s c e n t s  
is 11.7 min. 
The convent ional  descen t  is based on id l e  t h r u s t  a t  a Mach number o f  0.78 
with a t r a n s i t i o n  to a CAS of 340 k n o t s .  The descen t  from c r u i s e  a l t i t u d e  is 
started a t  a p o i n t  60 n. m i .  from t h e  meter ing f i x  which is c o n s i s t e n t  w i th  
v a r i o u s  p i l o t  r u l e s  of thumb f o r  d e s c e n t  planning.  A t  t h e  bottom of descen t ,  
t h e  a i r p l a n e  is slowed u n t i l  it reaches a c a l i b r a t e d  airspeed of 250 knots .  
Thrus t  is then added as required to ma in ta in  t h e  a i r s p e e d  a t  250 knots .  
The descent  calculated by t h e  f l i g h t  management d e s c e n t  a lgo r i thm is based 
upon an 11.7-min time c o n s t r a i n t .  The calculated Mach/CAS descen t  schedule  
for t h i s  p r o f i l e  is 0.62/250 kno t s ,  Thrust  is set to  f l i g h t  i d l e  approximately 
7 n.  m i .  p r i o r  to t h e  descen t  so t h a t  t h e  a i r p l a n e  may slow from t h e  cruise to 
t h e  descent  Mach number. A descen t  segment a t  a c o n s t a n t  Mach number o f  0.62 
is s tar ted 40.6 n.  m i .  from t h e  meter ing f i x  with t r a n s i t i o n  to a descen t  seg- 
ment a t  a c o n s t a n t  CAS of 250 knots  to  t h e  metering f i x .  
Both descen t s ,  by d e f i n i t i o n  of t h e  comparison, require t h e  same amount 
of time to  f l y  between t h e  e n t r y  f i x  and t h e  metering f i x .  This  t i m e  o b j e c t i v e  
is achieved with similar ground speeds on both d e s c e n t s .  Even though t h e  cal- 
culated descent  is flown a t  a slower i n d i c a t e d  Mach/CAS d e s c e n t  schedule ,  
similar ground speeds resul t  s i n c e  t h e  a i r p l a n e  s t a y s  a t  a l t i t u d e s  higher  than 
on t h e  convent ional  descen t .  
Fuel  usage on t h e s e  two d e s c e n t s  is s u b s t a n t i a l l y  d i f f e r e n t ,  however. 
The descent c a l c u l a t e d  by t h e  f l i g h t  management d e s c e n t  a lgo r i thm required 
approximately 28 percen t  less f u e l  to f l y  between t h e  e n t r y  f i x  and t h e  meter- 
ing f i x  (2989 N (672 lb) on t h e  convent ional  d e s c e n t  and 2148 N (483 lb) on t h e  
c a l c u l a t e d  d e s c e n t ) .  Approximately two-thirds of t h i s  f u e l  s av ings  was a t t r i b -  
uted to t h e  lower i n d i c a t e d  airspeeds and one-third to f l i g h t  a t  h ighe r  
a l t i tudes ,  
CONCLUDING REMARKS 
A simple a i r b o r n e  f l i g h t  management descen t  a lgo r i thm designed to d e f i n e  
a f l i g h t  p r o f i l e  s u b j e c t  to t h e  c o n s t r a i n t s  of using i d l e - t h r u s t ,  a c l e a n  a i r -  
p l ane  conf igu ra t ion  ( landing gear  up, f l a p s  zero,  and speed brakes r e t r a c t e d ) ,  
and f ixed  time end c o n d i t i o n s  was developed and f l i g h t - t e s t e d  i n  t h e  NASA 
TCV Boeing 737 r e sea rch  a i r p l a n e .  The r e sea rch  test f l i g h t s ,  conducted i n  t h e  
Denver ARTCC automated time-based meter ing IJ?M/PD ATC environment, demonstrated 
t h a t  time guidance and c o n t r o l  i n  t h e  c o c k p i t  w a s  accep tab le  to  t h e  pi lots  and 
ATC c o n t r o l l e r s  and resulted i n  a r r i v a l  of t h e  a iL2 lane  ove r  t h e  meter ing f i x  
with s tandard d e v i a t i o n s  i n  a i r s p e e d  error of 6.5 knots,  i n  a l t i t u d e  error Of 
23.7 m (77.8 f t ) ,  and i n  a r r i v a l  t i m e  accuracy of 12 sec. These a c c u r a c i e s  
ind ica t ed  a good r e p r e s e n t a t i o n  of a i r p l a n e  performance and wind modeling. 
F u e l  savings w i l l  be ob ta ined  on a f l ee t -wide  basis through a r educ t ion  of t h e  
t i m e  e r r o r  d i s p e r s i o n s  a t  t h e  meter ing f i x  and on a s i n g l e  a i r p l a n e  basis  by 
p resen t ing  t h e  pi lot  guidance f o r  a f u e l  e f f i c i e n t  d e s c e n t ,  P i l o t  w o r k l o a d  
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was reduced by e l i m i n a t i n g  t h e  need f o r  rules of thumb and/or e x t e n s i v e  
experience to achieve a s o l u t i o n  to a complex four-dimensional (4-D) navi- 
g a t i o n  problem and through s t e e r i n g  guidance f o r  4-D pa th  fol lowing.  ATC con- 
t rol ler  workload was reduced through a reduction of required ground- to-air 
camnunications and through t h e  t r a n s f e r  of t i m e  nav iga t ion  r e s p o n s i b i l i t i e s  
to t h e  cockpit. 
Langley Research Center 
Nat ional  Aeronaut ics  and Space Adminis t ra t ion 
Hampton, VA 23665 
August 19, 1980 
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Figure 2.- LFM/PD algorithm logic flow. 
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